




Fine particulate matter (PM2.5) is an ensemble of particles suspended in air that are at least 2.5 
microns or smaller in diameter and are known to contribute to adverse health effects, such as 
asthma and cardiopulmonary disease. PM2.5 can be directly emitted into the atmosphere by 
anthropogenic sources, such as motor vehicles, power plants, and factories. Biogenic sources 
also can contribute to the formation of PM2.5, especially isoprene (2-methyl-1,3-butadiene), a 
volatile organic compound (VOC) of interest in this study. Secondary organic aerosol (SOA) is a 
major component of PM2.5 and can be produced from the atmospheric oxidation of biogenic 
VOCs in the presence of anthropogenic pollutants such nitrogen oxides and sulfur dioxide. 
However, whether biogenic SOA contributes to adverse health effects remains unclear. The 
objective of this study was to assess the reactive oxidant potential of isoprene-derived epoxides 
and SOA. The dithiothreitol (DTT) assay was used to characterize the reactive oxygen species 
(ROS) generation potential of individual isoprene-derived epoxides and their hydrolysis 
products, including isoprene epoxydiols (IEPOX), methacrylic acid epoxide (MAE), 2-
methyltetrols (2-MT), and 2-methylglyceric acid (2-MG), and of SOA produced from 
photooxidation and reactive uptake experiments with isoprene, methacrolein (MACR), IEPOX, 
and MAE as precursors. It was found that 2-MG, MAE and MACR-derived SOA possess a 
higher oxidant generation potential compared to the 2-MT, IEPOX and isoprene-derived SOA 
system. Compared to prior studies with diesel exhaust PM, MAE and MACR-derived SOA show 
the same or higher ROS generation potential, and thus, highlights the need for more studies to 
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 Fine particulate matter (PM2.5) has been shown to contribute to a myriad of adverse 
health effects, such as asthma, cardiorespiratory disease, and lung cancer (Brunekreef and 
Holgate, 2002; Turner et al., 2011). These health effects can be exacerbated in susceptible 
populations such as those individuals with limited cardiopulmonary function or the elderly. 
PM2.5 is currently regulated by the Environmental Protection Agency as a one of the six “criteria 
air pollutants.” It is generally assumed that the smaller the PM, the more harmful the particle, 
because fine (2.5 µm) and ultrafine PM (<1 µm) can be inhaled and deposit deep in the lungs 
(Harrison and Yin, 2000). This particle deposition can cause inflammation in the airway and 
hinder breathing.  
PM2.5 can come from a variety of sources involving human activities and natural 
emissions. Secondary organic aerosol (SOA) is a major component of PM2.5 that is produced 
from the atmospheric oxidation of volatile organic compounds (VOCs), which leads to low-
volatility products that partition from the gas-to-particulate phases. Due to the complex 
composition and formation mechanisms of SOA, its exposure-induced health effects are not well 
characterized. Isoprene is one of the most abundant biogenic VOC emitted into the atmosphere 
by vegetation, especially in the Southeastern United States during summer (Guenther et al., 
2006). Hydroxyl radical (OH)-initiated isoprene oxidation has been recognized to lead to SOA 
formation (Claeys et al., 2004; Kroll et al., 2006). In particular, the production yields and 
physiochemical characteristics of isoprene-derived SOA are significantly enhanced by the 
presence of anthropogenic pollutants, such as nitrogen oxides (NOx) and sulfur oxides (SOx) 
(Chan et al., 2010; Edney et al., 2005; Kroll et al., 2006; Surratt et al., 2010, 2006). Isoprene-
derived SOA has been estimated to contribute a significant mass fraction of tropospheric PM2.5 
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(Carlton et al., 2009; Henze and Seinfeld, 2006). Due to its abundance, it is important to 
characterize the toxicity and potential impact on human health. 
 Reactive oxygen species (ROS) are oxygen-derived compounds that are extremely active 
in vivo and in vitro. Some examples are the superoxide anion (O2-), hydrogen peroxide (H2O2), 
and OH (Glasauer and Chandel, 2013). Many previous studies support the theory that PM2.5 
toxicity is derived from the generation of ROS in lung cells. ROS can cause lipid peroxidation 
and other cell damage collectively known as oxidative stress which can lead to apoptosis, 
necrosis (Glasauer and Chandel, 2013). The prevailing view of the mode of action specific to 
PM2.5 is that it can interact with the airway epithelial cells and macrophages to generate ROS 
(Cho et al., 2005). The subsequent generation of ROS can trigger a cascade of events associated 
with inflammation and apoptosis. A commonly used method to characterize the ability of a PM2.5 
sample to generate ROS generation is the dithiothreitol (DTT) assay. O2- is an ROS that is 
important in this reaction. The DTT assay has been shown to be a method for quantifying the 
ability of a PM2.5 sample to generate ROS (Li et al., 2009). The rate of DTT consumption is 
proportional to the concentration of the catalytically reactive redox-active species in the sample 
(Rattanavaraha et al., 2011). Therefore, the DTT assay measures the potential of a PM2.5 sample 
to evoke oxidative stress. 
 This study seeks to characterize the ROS generation potential of isoprene-derived 
epoxides and isoprene-derived SOA. Previous work has focused on characterizing diesel 
exhaust, diesel exhaust + ozone (O3), and polycyclic aromatic hydrocarbon (PAH) oxidant 
generation potential (Li et al., 2009; Rattanavaraha et al., 2011). In the present study, the DTT 
assay was used to measure the oxidizing potential of (1) isoprene-derived epoxide precursors, 
including isoprene epoxydiols (IEPOX), methacrylic acid epoxide (MAE), and their hydrolysis 
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SOA products, namely 2-methyltetrols (2-MT) and 2-methylglyceric acid (2-MG), and of (2) 
isoprene and methacrolein (MACR) SOA generated from outdoor chamber photochemical 
experiments, and (3) IEPOX- and MAE-derived SOA from indoor chamber reactive uptake 
studies. The results were converted to the normalized index of oxidant generation (NIOG) and 
also presented as DTT activity to compare the relative toxicity of isoprene-derived epoxides and 
SOA with different types of PM2.5 samples reported in other studies. 
2. Materials and Methods 
2.1 Outdoor Chamber Experiments 
Outdoor smog chamber experiments were conducted to photochemically generate 
isoprene-derived SOA to be analyzed by the DTT assay. All experiments were performed in a 
120-m3 triangular cross-section Teflon chamber located on top of the Gillings School of Global 
Public Health at the University of North Carolina (UNC) at Chapel Hill. The operation of 
chamber facilities has been described in detail previously (Ebersviller et al., 2012). 
Photochemical experiments were carried out in the presence of natural sunlight. The chamber 
was flushed clean with HEPA (high-efficiency particulate arresting)-filtered background air to 
replace at least five times of chamber volume before the experiments began. Chamber 
background particles were continuously monitored using a differential mobility analyzer (DMA; 
Brechtel Manufacturing, Inc., Model 2002) coupled to a mixing condensation particle counter 
(MCPC; Brechtel Manufacturing, Inc., Model 1710). An on-line gas chromatograph (GC; Varian 
CP-3800) equipped with flame ionization detection (FID) was used to measure hydrocarbon 
precursors. The gas sampling line feeding the instrument traveled from the floor of the chamber, 
through the roof of the building, and directly to the GC/FID in the laboratory below. The 
GC/FID was equipped with a packed stainless steel column (3.05 m, 3.175 mm O.D., 2.1 mm 
9	  
	  
I.D., 10% TCEP 100/120 Chromosorb PAW) for isoprene and MACR measurements. An 
isothermal method was used for the entire analysis. The column oven and the detector 
temperatures were set at 70 and 200 °C, respectively. The flow rate of carrier gas (helium) was 
set at 20 mL min-1. The limits of detection (LOD) for the test compounds on our GC/FID system 
were determined to be around 1–3 ppbv. Nine total experiments were conducted in various 
conditions to represent downwind-urban or urban-like environments. For downwind-urban 
experiments (low-NOx condition, n=3), 5 ppmv isoprene and 200 ppb NO were injected in the 
presence of 100-120 µg m-3 acidified sulfate seed aerosol. For typical urban-like experiments 
(high-NOx condition, n=3), 1 ppmv MACR, 100 ppb NO, and 300 ppb NO2 were injected in the 
presence of 160-µg m-3 acidified seed aerosol. Additionally, control experiments (n=3) with 100-
120 µg m-3 acidified sulfate seed aerosol only were also conducted in order to evaluate the 
influences of acidified sulfate seed aerosol on assay results. Table 1 provides a summary of all 
experimental conditions examined. The acidified sulfate seed aerosol solution consisted of 0.06 
M magnesium sulfate (MgSO4) and 0.06 M sulfuric acid (H2SO4). Due to aerosol wall losses, the 
measured seed aerosol mass concentrations gradually fell to ~100 µg m-3 in the first hour and a 
half. Once the acidified sulfate aerosol stabilized, the hydrocarbon precursors and NO/NO2 were 
injected. For low-NOx condition experiments, isoprene is oxidized by OH radicals and forms 
peroxy radicals that convert NO into NO2. NO2 photolyzes to yield O atoms that reacts with O2 
to form O3. SOA growth is observed to occur onto the acidified sulfate seed aerosol when the 
NO concentrations approach zero by two hours. When aerosol growth stabilized, Teflon filters 
(46.2 mm with support rings, 1.0-µm pore size, Tisch Scientific) were connected to the chamber 
to collect aerosol samples. Collected aerosol masses were determined by gravimetric methods 
(i.e., the filters were weighed before and after the experiments using a microbalance). Table 2 
10	  
	  
lists the filter weight for aerosol samples collected from each experiment. The filters were stored 
at -20 °C until time of analyses. 
2.2 Indoor Chamber Experiments 
Reactive uptake experiments were performed in a 10-m3 flexible Teflon indoor chamber 
at UNC. The operation of chamber facility has been described in detail previously (Lin et al., 
2012). Prior to each experiment, the chamber was flushed with clean house air for at least 24 h to 
replace at least five volumes of chamber air. Particle size distributions, number concentrations, 
and volume concentrations were measured continuously using a DMA (Brechtel Manufacturing, 
Inc., Model 2002) coupled to a MCPC (Brechtel Manufacturing, Inc., Model 1710). Acidified 
sulfate seed aerosol solutions containing 0.06 M MgSO4 and 0.06 M H2SO4 were nebulized into 
the chamber to provide preexisting aerosol surface for reactive uptake of epoxide precursors. 
Seed aerosols were atomized into the chamber using a home-built nebulizer at a flow rate of 5 L 
min-1 until a total aerosol mass concentration of 120-160 µg m-3 was attained. Experiments were 
conducted under dry conditions (<5 % RH) to minimize vapor loss of epoxide precursors to 
chamber walls. Temperature and RH inside the chamber were continuously monitored using an 
OM-62 temperature RH data logger (OMEGA Engineering, Inc.). A summary of the 
experimental conditions is given in Table 3. Control experiments were conducted with seed 
aerosol only. For reactive uptake experiments of isoprene-derived epoxides, 600 ppbv of trans-β-
IEPOX or MAE were vaporized and introduced into the chamber by flowing high-purity 
nitrogen gas at 2 L min-1 for the first 10 min and increased to 4 L min-1 through a heated glass 
manifold (~70 °C) for 2 h. Following 2 h of reaction to allow maximum SOA growth and 
stabilization, aerosol samples were collected onto 3 Teflon membrane filters (46.2mm with 
support rings, 1.0 µm pore size, Tisch Scientific) at a flow rate of 18-25 L min-1 for 1 h. Exact 
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aerosol mass loadings on the filters were determined by the gravimetric methods. Following 
aerosol sample collection, filter samples were stored in 20 mL scintillation vials at -20°C until 
analyses.  
2.3 Filter Extraction 
Methanol (LC-MS Chromasolv®, Sigma-Aldrich) was added to each vial (20 mL) for 
filter extractions. These vials containing the filter samples were first sonicated in a water bath for 
25 minutes. The warm water was switched out and then refilled with chilled water. The vials 
were allowed to sonicate for additional 20 minutes. The filter extracts were then transferred to 
new 20 mL scintillation vials and let dried down to 1 mL using a gentle N2 stream. 
2.4 Analyses of Aerosol Chemical Composition 
Chemical composition of SOA components generated from both outdoor chamber 
photooxidation experiments and indoor chamber reactive uptake experiments were characterized 
by the gas chromatography/mass spectrometry (GC/MS) technique with electron ionization (EI). 
The analytical procedures and the instrumental operating conditions have been described in 
detail previously (Surratt et al., 2010). Briefly, fractions of filter extracts were blown to dryness 
for GC/MS analysis with prior trimethylsilylation to enhance the detectability of oxygenated 
SOA components, especially for those with alcohol and carboxylic acid functional groups. The 
residues of filter extracts were derivatized with 100 µL of BSTFA + TMCS (99:1 v/v, Supelco) 
and 50 µL of pyridine (anhydrous DriSolv®, 99.99%, EMD Chemicals Inc.). The reaction 
mixture was heated at 70°C for 1 h prior to GC/MS analysis and 1 µL aliquots were injected onto 
an Econo-Cap™-EC™-5 Capillary Column (30 m × 0.25 mm I.D.; 0.25 µm film thickness) in a 
Hewlett-Packard (HP) 5890 Series II Gas Chromatograph coupled to a HP 5971A Mass 
Selective Detector (MSD). 
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2.5 Authentic Standards of Isoprene-derived Epoxides and Their Hydrolysis SOA Products 
IEPOX (Lin et al., 2012; Zhang et al., 2012), MAE (Lin et al., 2013b), 2-MT and 2-MG 
(Budisulistiorini et al., 2015) were synthesized in house. 1H and 13C NMR, gas chromatography/ 
electron ionization-mass spectrometry (GC/EI-MS) analysis with prior trimethylsilylation 
(TMS), and ultra-performance liquid-chromatography coupled to electrospray ionization 
quadrupole time-of flight mass spectrometry (UPLC/ESI-QTOFMS) techniques have been 
employed to confirm the purity (>99%). Standard solutions were diluted to 100 µg µL-1 before 
analyses by the DTT method. Solvents were dried off using a gentle N2 stream before analyses. 
2.6 DTT Assay Procedure  
A 100 mL of 0.05 mol L-1 potassium phosphate monobasic-sodium hydroxide buffer 
(KH2PO4, pH 7.4, Fisher Scientific) mixed with 1mM ethylenediaminetetraacetic acid (EDTA, 
Sigma-Aldrich) was used for analysis. The 5 mM DTT stock solution was prepared by mixing 
7,712 µg of the DTT standard (powder form) (Sigma-Aldrich) with 10 mL of the buffer solution. 
A 0.5 mM working solution of DTT was prepared by mixing 100 µL DTT stock with 900 µL of 
buffer. The 1,4-naphthoquinone (1,4-NQ) stock solution (1 µg µL-1) was prepared by dissolving 
0.5 mg of 1,4-NQ in 0.5 mL dimethyl sulfoxide (DMSO). The in use 1,4-NQ (0.01 µg µL-1 
working solution) was prepared by mixing 10 µL of the 1,4-NQ stock solution with 990 µL of 
buffer. The Dithiobis-2-nitrobenzoic acid(DTNB) stock solution (10 mM) was prepared by 
mixing 19,817 µg DTNB with 5 mL buffer. 1 mM DTNB used for the assay was prepared by 
mixing 300 µL DTNB with 2700 µL buffer.  
1000 µL buffer was added to each 1.5 mL vial, followed by addition of 50 µL of 0.5 mM 
DTT was added to each vial. Then varying amounts of PM extraction solutions (100-200 µL), 
standard solutions (5-100 µL), or the external standard (1,4-NQ) (10-60 µL) was added to each 
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vial. The vials were heated in an incubator at 37°C for 30 min. After heating, 100 µL of 1 mM 
DTNB was added to each vial and mixed well. The absorption at 412 nm was measured with a 
UV-Visible Spectrophotometer (Hitachi U-3300 dual beam spectrophotometer) within two hours 
(Li et al., 2009; Rattanavaraha et al., 2011).	  
2.7 Assessment of the Normalized Index of Oxidant Generation (NIOG) and DTT Activity 
The results of ROS potential were converted to the normalized index of oxidant 
generation (NIOG) and DTT activity in order to compare with previously published studies.  
The NIOG calculation is an expression of the absorbance decrease of the sample 
normalized to the absorbance decrease of 1,4-NQ (Li et al., 2009). T is reaction time (min), M is 
sample mass (µg), Abs0 is the absorption when no DTT was reacted, and Abs’ is the absorbance 
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DTT activity is an expression of the DTT consumed over time normalized by the aerosol 
mass. It has units of rate of DTT consumption per minute per µg sample (Rattanavaraha et al., 
2011). A Newman- Keuls Multiple Comparison test was applied to test the significance of the 
standards, outdoor chamber filters, and indoor chamber filters from each other. These results are 
shown in Tables 4, 5, and 6. 
3. Results and Discussion 
3.1 Chemical Composition of Chamber Generated SOA 
The GC/MS total ion chromatograms (TICs) of chamber generated SOA are shown in 
Figure 1. The dominant aerosol-phase products generated from the photochemical oxidation of 
isoprene (Figure 1A) included 2-MT, C5-alkene triols, isomeric 3-methyltetrahydrofyran-3,4-
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diols (3-MeTHF-3,4-diols), and IEPOX-derived dimers. The main resultant SOA products from 
photochemical oxidation of MACR (Figure 1B) included 2-MG and its oligoesters. The chemical 
composition of SOA derived from reactive uptake of IEPOX and MAE (Figure 1C and D) 
represents the major organic aerosol constituents produced from isoprene and MACR 
potooxidation, respectively. 
3.2 ROS Potentials of Synthetic Isoprene-Derived Epoxides, 2-methyltetrols, and 2-MG 
The NIOGs of the isoprene-derived epoxides and their hydrolysis products are shown in 
Figure 2. 2-MG is a known product in MACR SOA (Chan et al., 2010; Surratt et al., 2006) and 
2-methyltetrols are a product in isoprene SOA (Claeys et al., 2004; Edney et al., 2005; Surratt et 
al., 2006). As shown in Table 4, 2-MG has a significantly higher oxidant generation potential 
than IEPOX, MAE, and the 2-methyltetrols. IEPOX, MAE, and 2-methyltetrols are not 
significantly different from each other. The DTT activity of the isoprene-derived epoxides and 
their hydrolysis products is shown in Figure 3. 2-MG has the highest DTT activity, which is 
similar to the NIOG results. IEPOX and MAE do not have a high DTT activity themselves, but 
as reported later their resultant SOA could have effects on cellular response.  
3.3 ROS Potentials of Isoprene and MACR SOA 
The NIOG of the SOA generated from the outdoor chamber experiments is shown in Figure 
4. As shown in Table 5, MACR and isoprene SOA have a significantly higher NIOG than the 
seed aerosol. MACR SOA has a higher oxidant generation potential than that of isoprene SOA 
and acidified sulfate seed aerosol. The high NIOG of 2-MG discussed above may contribute to 
the high NIOG of MACR SOA since 2-MG is a major product in MACR SOA (Chan et al., 
2010; Surratt et al., 2006).  
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DTT activity of diesel exhaust PM and diesel exhaust PM with O3 that were generated in an 
outdoor chamber has been assayed (Li et al., 2009). The isoprene (NIOG=1.8×10-3) and MACR 
SOA (NIOG=2.2×10-3) generated in our experiment have a higher oxidant generation potential 
than the aged diesel exhaust with O3 (NIOG=1.6×10-3) generated in the experiments reported by 
Li et al (2009). This finding demonstrates the importance of characterizing the toxicity of 
isoprene and MACR SOA. Many experiments focus on diesel exhaust PM, but isoprene-derived 
SOA is shown to have a particularly high oxidant generation potential in this experiment that is 
larger in magnitude than diesel exhaust PM. It should be noted that Li et al. (2009) extracted the 
outdoor chamber filters with water and we extracted ours with methanol. Selectivity of the 
solvent extraction may have led to this difference in ROS generation potential as well. 
The ROS generation potential of the isoprene SOA in our experiment is similar to the oxidant 
generation potential of daytime isoprene experiments reported by Rattanavaraha et al. (2011). 
Our MACR SOA (NIOG = 2.2×10-3) is similar to daytime pure diesel exhaust examined by 
Rattanavaraha et al. (2011), but the oxidant generation is lower than their daytime NO, and UNC 
Mix (an urban VOC mixture that consists of 11 gas phase hydrocarbons, including isopentane, n-
pentane, 2-methyl-pentane, 2,4-dimethyl-pentane, 2,2,4-trimethyl-pentane, 1-butene, cis-2-
butene, 2-methyl-butene, 2-methyl-2-butene, ehylene, propylene) with toluene (NIOG = 2.7×10-
3) and their daytime NOx+ UNC Mix + toluene + α-pinene (NIOG =4.2×10-3). This shows that 
MACR SOA may have similar oxidant generation potential to daytime diesel exhaust, and thus, 
to our knowledge this is the first time this has been demonstrated in the literature. However, 
MACR and isoprene SOA from our experiments have a much lower NIOG than PM generated 
from PAHs oxidized in the presence of the UNC VOC Mix with toluene in Rattanavarah et al. 
(2011). It should be noted that both our experiments and the experiments by Rattanavaraha et al. 
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(2011) extracted the outdoor chamber filters with methanol. This similarity may be why the 
results between these two papers are so close for seed and isoprene SOA, and differ from Li et al. 
(2009). The DTT activity of the outdoor chamber filter SOA is shown in Figure 5. The DTT 
activity of MACR SOA in our experiments was also similar to the DTT activity measured by 
Rattanavaraha et al. (2011) of aged diesel exhaust PM generated under clear natural sunlight 
(without the UNC VOC mixture added). Both have a DTT activity around 2.5×10-3 nmol 
DTT/min/µg PM. The similarities between MACR SOA and daytime diesel exhaust PM from 
Ratanavaraha et al. (2011) demonstrate the importance of characterizing the toxicity of SOA 
from this biogenic source enhanced by the presence of anthropogenic emissions. 
 Another study measured the total PM2.5 from field samples in the Southeastern United 
States (Fang et al., 2014). Total PM2.5 is the sum of the organic and inorganic components of the 
particulate matter. Since the SOA measured in our chamber is only the organic component of 
PM2.5, the total PM2.5 measured in this paper is much more complex than ours and thus higher in 
total DTT activity. It should be noted that Fang et al. (2014) found metals in the PM2.5, which 
could increase the DTT activity of the sample. Our organic aerosol component is about 3-10% of 
the total intrinsic DTT activity (DTTm) measurement defined in this paper. Notably, Fang et al. 
(2014) used a different approach to determine DTT activity by measuring the rate of DTT 
consumption from the slope and intercept of linear regression of measured absorbance versus 
time. By contrast, we fixed the reaction time but varied the amount of DTT in the blank reactions 
for DTT calibration. These two approaches could lead to certain degree of variations, and thus 
our measurements might not be directly comparable to theirs. 
3.4 ROS Potentials of IEPOX- and MAE-Derived SOA 
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The NIOGs of the IEPOX- and MAE-derived SOA from the indoor chamber experiments 
is shown in Figure 6. The DTT activity of the IEPOX and MAE-derived SOA experiments is 
shown in Figure 7. Table 6 shows results of a Newman-Keuls statistical test on the NIOG values. 
IEPOX SOA and MAE SOA are significantly different from each other. IEPOX-derived SOA 
has an NIOG value of 1.4x10-3 and DTT activity of 1.8×10-3 nmol/min/µg, which are lower than 
the NIOG (1.8×10-3) and DTT activity (2.1×10-3 nmol/min/µg) of isoprene SOA from the 
outdoor chamber experiments. Due to these differences, we hypothesize that there may be other 
DTT active components in SOA from isoprene photooxidation in addition to the IEPOX pathway 
that contribute to DTT activity. The low DTT activity of IEPOX SOA (NIOG=1.4x10-3) is not 
surprising, and can be supported by one of its major SOA components, 2-methyltetrols (2-MT: 
NIOG = 2.5×10-5). The MAE-derived SOA (NIOG = 2.6×10-3) is larger than the seed and 
isoprene SOA. The MAE-derived SOA is also consistent with MACR SOA (NIOG=2.2×10-3) 
and 2-MG (NIOG=3.3×10-4). Due to this relationship, it is important to further characterize 
MAE and MACR SOA in the future to determine oxidative potential in lung cells. The seed 
aerosol only samples from the indoor (NIOG =1.1×10-3) and outdoor (NIOG =1.3×10-3) chamber 
experiments are also similar to each other, which demonstrates the consistency of the DTT assay 
in these experiments. In a recent study, the DTT assay was used to assess the ROS-generating 
ability of PM field samples taken from sites across the Southeastern United States (Verma et al., 
2015). The isoprene SOA in Verma et al. (2015) was determined by measurements from an 
aerosol mass spectrometer (AMS) with positive matrix factorization (PMF) for source 
apportionment. The water-soluble DTT activity for isoprene SOA was reported as 8.8±21 ×10-3 
nmol/min/µg, which is very close (in the same order of magnitude) to the DTT activity of 
isoprene SOA (2.1×10-3 nmol/min/µg) examined from our outdoor chamber experiments. The 
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similarity in these results shows that our data from outdoor chamber experiments is near-
atmospherically relevant to the field samples measured in this prior study, especially since our 
composition results are consistent with what we have measured in the southeastern U.S. 
(Budisulistiorini et al., 2015; Lin et al., 2013a).  
3.5 Implications for Environmental Health 
 A forthcoming publication from our research group (Lin et al., 2015) will report that  
IEPOX, and especially MAE, have high cellular responses. The experiment exposed human lung 
cells (i.e., bronchial epithelial cells) to isoprene-derived epoxides and their resultant SOA. Real-
time quantitative reverse transcription polymerase chain reaction (q-RT-PCR) was then used to 
assess transcriptional changes of oxidative stress and inflammation-associated genes. The genes 
of interest include a panel of 84 genes in the oxidative stress pathway (Human Oxidative Stress 
Plus PCR Array), as well as two selected maker genes associated with inflammatory responses 
(COX-2 and IL-8). MAE-derived SOA and isoprene SOA had a higher oxidative stress and 
inflammatory potency compared to IEPOX-derived SOA. These findings are in accordance with 
the DTT measurements presented in this paper since our results show that MAE-derived SOA 
and isoprene SOA possess higher intrinsic DTT activities than IEPOX-derived SOA. Our results 
could serve as direct evidence to support this ROS mediated oxidative stress responses. Notably, 
of the two epoxides, MAE induced a significant fold change in COX-2 and IL-8 gene expression. 
Although from our experiment IEPOX and MAE do not have high DTT activity, they may in 
fact have important effects on cellular response through other interaction beyond ROS 
generation. These findings show the importance of further experiments to characterize IEPOX- 




4. Research Limitations 
The DTT assay is done outside of the human body, and thus one isolated reaction does not 
simulate the complex interactions in biological systems. Therefore, more research needs to be 
conducted to assess the how ROS cause damage in the human body. Additionally, the filters 
were from controlled chamber experiments that were source specific and not 100% representable 
of ambient PM. The filters were also extracted with methanol, and the solvent selectivity largely 
determines the results of DTT Activity. 
 
5. Summary and Conclusions 
This experiment characterized the ROS generation potential of isoprene-derived epoxides 
and isoprene, MACR, IEPOX and MAE-derived SOA. It was found that 2-MG and isoprene-
derived SOA, especially MACR SOA, have high oxidant generation potential. Compared to 
other papers, MACR SOA from this experiment had a higher NIOG than diesel + ozone SOA 
and daytime diesel exhaust SOA. The high NIOG of 2-MG and MACR SOA are also consistent 
with the exposure induced inflammation and oxidative-associated gene expression reported by 
Lin et al. (2015). These findings conclude the need to further characterize isoprene and MACR 
SOA, as well as 2-MG because they may contribute to higher toxicological responses in lung 
cells. Much work with DTT assays is done on diesel exhaust, but these findings show that 
biogenic SOA precursors may contribute more to oxidant generation potential than diesel 
exhaust. Compared to DTT assays run with PAHs, the NIOG for isoprene SOA is considered 
low. However, considering the atmospheric abundance of isoprene SOA, the ROS generation 
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Table 1. Summary of Outdoor Chamber Experimental Conditions 
Date Precursor 

















8/22/2014 isoprene 5 200 0 103 42 36 180 139 
8/27/2014 isoprene 5 200 0 99 48 32 114 95 
9/30/2014 isoprene 5 200 0 102 64 24 152 106 
10/6/2014 MACR 1 100 300 137 35 24 134 345 
10/8/2014 MACR 1 100 300 143 42 28 142 405 
10/10/2014 MACR 1 100 300 145 50 27 114 318 
7/9/2014 Seed only -- -- -- 105 -- -- -- -- 
7/15/2014 Seed only -- -- -- 110 -- -- -- -- 
7/18/2014 Seed only -- -- -- 95 -- -- -- -- 
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Table 2. Summary of Collected Aerosol Mass from Outdoor Chamber Experiments 
Date Precursor Filter # Filter Weight (mg) Collected Aerosol Mass (mg) Initial Final 
8/22/2014 isoprene 2 203.611 204.438 0.827 
8/27/2014 isoprene 2 202.487 203.447 0.960 
9/30/2014 isoprene 2 205.840 206.840 1.000 
10/6/2014 MACR 3 207.125 207.563 0.438 
10/8/2014 MACR 2 202.694 203.062 0.368 
10/10/2014 MACR 1 207.484 207.891 0.407 
7/9/2014 Seed only 1 177.565 178.409 0.844 
7/15/2014 Seed only 1 166.331 167.626 1.295 
7/18/2014 Seed only 1 168.698 169.628 0.930 
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Table 3. Summary of Collected Aerosol Mass from Indoor Chamber Experiments 
Date Precursor Filter # Filter Weight (mg) Collected Aerosol Mass (mg) Initial Final 
3/2/2014 IEPOX 
1 204.834 205.092 0.258 
2 207.726 207.981 0.255 
3 199.450 199.797 0.347 
3/6/2015 MAE 
1 208.183 208.374 0.191 
2 203.328 203.470 0.142 
3 203.746 203.957 0.211 
3/14/2014 Seed Only 
1 201.413 201.736 0.323 
2 200.170 200.418 0.248 
3 208.770 209.202 0.432 
	  
	  
Table	  4.	  Statistical	  Analysis	  of	  Standards	  	  
	  
Standards	   Newman-­‐Keuls*	  P	  value	  
MAE	  vs.	  2-­‐MG	   P	  <	  .001	  
MAE	  vs.	  IEPOX	   P	  >	  0.05	  
MAE	  vs.	  2-­‐MT	   P	  >	  0.05	  
2-­‐MT	  vs.	  2-­‐MG	   P	  <	  .001	  
2-­‐MT	  vs.	  IEPOX	   P	  >	  .05	  
IEPOX	  vs.	  2-­‐MG	   P	  <	  .001	  
	  
Table	  5.	  Statistical	  Analysis	  of	  Outdoor	  Chamber	  Filter	  Data	  
	  
Filters	   Newman-­‐Keuls*	  P	  value	  
Seed	  only	  vs.	  MACR	  SOA	   P	  <	  0.05	  
Seed	  only	  vs.	  Isoprene	  SOA	   P	  <	  0.05	  
Isoprene	  SOA	  vs.	  MACR	  SOA	   P	  >	  0.05	  
	  
Table	  6.	  Statistical	  Analysis	  of	  Indoor	  Chamber	  Filter	  Data	  
	  
Filters	   Newman-­‐Keuls*	  P	  value	  
Seed	  only	  vs.	  MAE	  SOA	   P	  <	  .01	  
Seed	  only	  vs.	  IEPOX	  SOA	   P	  >	  .05	  
IEPOX	  SOA	  vs.	  MAE	  SOA	   P	  <	  .01	  
	  
*The	  Newman-­‐Keuls	  Multiple	  Comparison	  test	  was	  applied	  to	  test	  the	  significance	  of	  the	  




Figure 1. Chemical composition of SOA components generated from outdoor and indoor 
chamber experiments 









Figure 2. NIOG of isoprene-derived epoxides and their hydrolysis products 
	  
Figure 3. Average DTT activity of isoprene-derived epoxides and their hydrolysis products 
	   	  

































Figure 4. NIOG of isoprene and MACR-derived SOA generated from outdoor smog 
chamber experiments 
	  
Figure 5. Average DTT activity of isoprene and MACR-derived SOA constituents 
generated from outdoor smog chamber experiments 
	   	  





























Figure 6. NIOG of IEPOX and MAE-derived SOA from indoor chamber reactive uptake 
experiments 
	  
Figure 7. Average DTT activity of IEPOX and MAE-derived SOA from indoor chamber 
reactive uptake experiments 
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